Introduction {#s1}
============

The idea behind the *spin transistor*, proposed by Dutta and Das \[[@C1]\], is to combine the functionalities of an s and p electron-based semiconductor with the d electron-based ferromagnetism. The proposed device would solve the purpose of information processing, as well as data storage. The idea behind a dilute magnetic semiconductor (DMS) is to dope a small concentration of magnetic ion, such as a transition metal, to a suitable host semiconductor while retaining its semiconducting properties along with its magnetism at room temperature. Following to this idea, the search for such ferromagnetic semiconducting materials has been stimulated by many experimental findings and theoretical models. One such study described the low-temperature ferromagnetism in (In,Mn)As and (Ga,Mn)As DMS \[[@C2], [@C3]\]. The theoretical studies by Sato *et al* have revealed the electronic structure and the underlying mechanism ensuing the ferromagnetism in several DMSs, such as (Ga, Mn)N and (Ga, Mn)As \[[@C4], [@C5]\], which are found to have low Curie temperatures (). However, despite the many investigations, the proposed spintronic device has not been realized to date due to unavailability of a stable DMS with higher than 300 K. A significant magnetic percolation in these wide-bandgap semiconductors, where magnetic exchange interactions are short ranged, also gives a wrong estimation of . For such systems, a spinodal nano-decomposition is predicted to estimate the more precisely \[[@C6]--[@C11]\].

Nevertheless, much effort has been made to investigate the ferromagnetism in DMSs based on group II-VI, \[[@C12]\] III-V \[[@C13]\] and III-IV \[[@C14]\] elements while doping with transition metal impurities like Mn, Co, and Cr. Several experimental groups have reported ferromagnetism in wide-bandgap semiconductors, such as TiO and ZnO, while doping with transition metal dopants like Co and V and even with Li \[[@C15]--[@C18]\]. Many theoretical works have also reported ferromagnetism in C-doped CaO \[[@C19]\], which opens their possible applications in electro-optical devices. Similar to TiO, CaO and ZnO systems, MgO is also a wide-bandgap semiconductor, which could be a promising host material for a high Curie temperature dilute magnetic oxide (DMO), but has not yet been fully explored. There are few studies reporting the magnetism in MgO at different configurations when doped with metals like Mn, Co, Ni, and V \[[@C20]--[@C23]\] and even with non-metals like *C* \[[@C22], [@C24], [@C25]\]. A few first-principles calculations \[[@C26], [@C27]\] and experiments \[[@C28]\] have even reported magnetism in the pristine MgO system just by crafting Mg vacancies.

In general, the ferromagnetic ordering in a DMS doped with a transition metal, such as Mn mostly comes from a large density of holes () arising from the Mn dopants. At the same time, such a large hole density can induce a semiconducting-to-metallic phase transition in the DMSs, making them undesirable for their practical applications in spin transport. In addition, the p-type (holes) and n-type (electrons) intrinsic defects are crafted in the DMSs during sample preparation and play a crucial role in modulating the magnetic properties of the DMSs. To understand the ferromagnetism of the Mn-doped GaAs having as high as 110 K, the first-principles calculation by Dietl *et al* have explained that the ferromagnetic coupling between the Mn, which is mostly mediated by the holes. Comes from the shallow acceptors of the doped system \[[@C29]\]. Thus, possibilities are always there to manipulate the defects by artificially crafting holes and electrons inside the DMS materials, which would further improve the ferromagnetic and semiconducting properties of a DMS in a controlled fashion. Very recently, Mahadeva *et al* have reported the room temperature ferromagnetism in Mn-doped MgO thin films of various thicknesses. They saw that by increasing film thickness, the ferromagnetism is suppressed, and beyond certain thickness the film shows diamagnetism as expected in a bulk structure. They predicted the cation defects to be one possible answer to the origin of such ferromagnetism in the Mn-doped MgO films \[[@C30]\]. However, this aspect of ferromagnetism has so far not been investigated carefully.

In this work, we report defect-induced ferromagnetism of a ∼0.4 nm thick MgO slab doped with two Mn atoms on the surface maintained with a dilute concentration of 2.7 %. The two Mn atoms energetically prefer to be at the shortest-possible distance apart (4.21 Å) \[referred as 'near' configuration\] than at a distance of 6.65 Å \[referred as 'far' configuration\]. We have introduced defects to the Mn-doped MgO slab by artificially creating Mg and O vacancy separately. We find, for the 'far' configuration the exchange coupling between the two Mn atoms always maintains the degeneracy between the ferromagnetic (FM) and antiferromagnetic (AFM) coupling, even in the presence of both defects. For the defect-free Mn-doped MgO slab in its 'near' configuration, the exchange coupling between the Mn atoms also favors the AFM coupling over the FM coupling. However, for the same Mn-doped MgO slab, the Mg vacancy generates a strong FM exchange coupling and the O vacancy leads to an AFM coupling between the Mn atoms. Interestingly, we find that the strength of FM exchange coupling decreases while bringing the Mg vacancy close to Mn atoms. In the presence of a Mg vacancy, the magnetic moment of the Mn atoms get reduced compared with that in the defect-free Mn-doped MgO slab.

Now the question is how the defects, like one Mg vacancy, could mediate a strong ferromagnetic exchange coupling between the Mn ions? Is it only a surface effect? Despite of many efforts, it is still difficult to determine the origin of ferromagnetism in a Mn-doped MgO system, which might be due to the spin-polarized holes localized at the cation vacancy or coming all total from the *d-orbital* magnetic moment of the doped impurities. So far, the hole-induced ferromagnetism, which is definitely a defect-induced phenomenon for the Mn-doped MgO surface, is not well addressed in the literature. To address the defect-induced unusual ferromagnetic properties, we have done systematic spin-polarized calculations for the Mn-doped MgO slab with density functional theory (DFT), GGA+U and with a very accurate hybrid functional approach. The Mg vacancy is found to initiate a *double exchange* type of interaction, which is responsible for the strong ferromagnetic exchange coupling between the Mn atoms doped at the surface of the MgO slab.

Theoretical approach {#s2}
====================

In this work, the spin-polarized DFT calculations are performed by using a plane wave pseudopotential method as prescribed within Vienna *ab initio* package (VASP) \[[@C31], [@C32]\]. The exchange correlation interaction is considered within GGA approximation by using the projected augmented wave (PAW) potential with Perdew--Bruke--Ernzerhof (PBE) functional. Very often, the conventional GGA calculation fails to describe the correct electronic structure for the strongly correlated systems having d and f electrons due to inadequate description of exchange and correlation energy. GGA even underestimates the band gap of such systems. Several groups have carried out self-interaction-corrected local-density approximation (LDA-SIC) to overcome shortcomings of conventional DFT calculations \[[@C33]--[@C35]\]. However, for the Mn-doped MgO system, we have used the rotationally invariant DFT+U approach as explained by Dudarev *et al* and implemented within the VASP code \[[@C36]\] where the strong correlation is captured via an additional local Hubbard repulsion of magnitude *U*. Within GGA+U approach, the on-site effective Hubbard parameter, = *U* − J, where *U* is the on-site Coulomb energy and *J* is the on-site Hundʼs rule coupling constant, is taken to be a converged value of 6 eV. We have also used the hybrid functional calculation by using the approach of Wu *et al* as executed within the VASP code to see the effect of an improved version of exchange functional in our calculation \[[@C37]\]. Here, the exchange correlation functional includes a portion of nonlocal Hartree--Fock exchange to the local or semi-local DFT exchange and takes the form where *E* is the exact exchange and and are the GGA exchange and correlation energy, respectively. The slab geometry was optimized using a spin-polarized GGA approach. Otherwise, all calculations throughout this work were performed with spin-polarized GGA, GGA+U and with hybrid functional approaches. For the plane wave basis set, we have taken a very high cut-off value of 860 eV. During structure optimization the criterion for the *Hellman--Feynman* force component on each atom in the supercell is chosen to be 1 meV/Å. The criterion for the energy convergence was taken to be . A fine Monkhorst--Pack *k-point* grid (4 × 2 × 2) is used throughout the calculation.

For this work, we model a \[3a × 2a\] two-layer slab having (1 0 0) surface orientation (with *a* = 4.21 Å) and 98 atoms in the supercell. We have removed the topmost layer with 24 atoms to create the required symmetric structure for the slab as shown in figure [1](#F0001){ref-type="fig"}. A vacuum space of 15 Å along the conventional *z*-direction is maintained to minimize the interaction between the periodic images of the slab. Further, we have doped the slab with Mn atoms at the Mg site (Mn1 and Mn2 in figure [1](#F0001){ref-type="fig"}) and introduced Mg (Mg9 in figure [1](#F0001){ref-type="fig"}) and O (black ball in figure [1](#F0001){ref-type="fig"}) vacancy to the Mn-doped MgO slab.

![A 72-atom MgO slab doped with two Mn atoms. Mg: golden yellow, Mn1 and Mn2 at 'near' configuration: purple. For 'far' configuration the Mn1 is replaced with Mg14. First Mg vacancy (): light green, O vacancy: black. Second Mg vacancy (): light green.](TSTA11661179F01){#F0001}

Since only the p-type defects initiate ferromagnetism in the Mn-doped MgO slab, to know the p-type defect limits for the MgO slab, we have calculated the formation energy for a Mg vacancy in the pristine MgO system by following the routine described by Arhammar *et al* \[[@C38]\] as, is the Mg defect formation energy. and are the DFT energies of the MgO slab having one Mg vacancy and that of the perfect MgO slab, respectively. is the chemical potential of the reservoir containing Mg.

The thermodynamic equilibrium between Mg and O, and MgO is maintained when the chemical potential of Mg and O satisfy the relation, where, (MgO) is the calculated formation energy of MgO.

Depending on the growth condition, there can be one O-rich condition where (Mg poor), else there will be an O-poor condition where (Mg rich), Here, the atomic chemical potentials are the variables that are controlled by experimental growth conditions.

The exchange energy for the Mn-doped MgO slab is estimated as where with negative sign indicates the FM being energetically favored over the AFM.

Result and discussion {#s3}
=====================

We present our results and discussions in three parts. In the first part, we describe the electronic structure of a Mn-doped MgO slab with and without the presence of Mg and O vacancies. In the second part, we discuss the reduced magnetic moment of the Mn atoms in the presence of a Mg vacancy in the slab. The third part elaborates the hole-mediated exchange interaction between the two Mn atoms doped on the MgO surface. At the end, we have summarized our results.

Electronic structure {#s3.1}
--------------------

At the beginning, we have studied the electronic structure of the pristine MgO slab (figure [1](#F0001){ref-type="fig"}) and continued further by introducing a Mg vacancy and an O vacancy to the slab separately. Both the pristine and the slab with an O vacancy are found to be wide-bandgap () non-magnetic semiconducting systems, whereas the experimentally measured band gap of a MgO system is \[[@C40]\]. For the MgO slab, the formation energy of Mg-vacancy is calculated to be 3.89 eV and 5.76 eV for O-rich (equation ([3](#M0003){ref-type="disp-formula"})) and for O-poor (equation ([4](#M0004){ref-type="disp-formula"})) conditions, respectively. In another context, the formation energy of Mg-vacancy in a MgO bulk structure at O-poor condition is calculated to be 7.42 eV \[[@C23]\]. Thus, the formation of a Mg vacancy on MgO is predicted to be energetically more favorable in slab structure than in bulk structure.

However, the formation energy exactly reflects the concentration of defects introduced to the system. The ferromagnetism reported in the case of a MgO thin film is due to the formation of magnetic point defects that percolate in the crystal structure and results in a long-range ferromagnetic ordering \[[@C41]\]. With a minimal defect concentration, the ferromagnetism is established only when the crystal structure is grown under non-equilibrium conditions, whereas lowering the defect concentration results in a reduced magnetic moment for the MgO thin film. Thus, the magnitude of the estimated p-type defect formation energy of Mn-doped MgO surface is not of concern. Instead, the ferromagnetism due to the defect concentration is our main concern.

The modeled MgO slab with one Mg vacancy is found to be spin polarized and has a net magnetic moment of 1.6 (table [1](#TB1){ref-type="table"}). Here, the magnetism comes from the spin-polarized oxygen atoms lying in the vicinity of the Mg vacancy. Similar spin-polarization of O atoms has also been predicted in a Zn vacancy-containing ZnO thin film \[[@C18], [@C39]\]. For the modeled MgO slab, the Mn as the extrinsic impurity prefers to be doped at the surface than at the subsurface with an energy difference of nearly 2.3 eV. In the next step, the two Mn atoms are introduced at the Mg site of the MgO slab surface while maintaining a dilute concentration of 2.71%. We have one 'near' configuration where the two Mn atoms are placed at a distance of 4.2 Å (Mn1 and Mn2 in figure [1](#F0001){ref-type="fig"}) and one 'far' configuration where both the Mn atoms are at a distance of 6.65 Å (Mn1 and Mn14 is replaced to be Mn2 in figure [1](#F0001){ref-type="fig"}). The two Mn atoms prefer to be in 'near' configuration than in 'far' configuration by an energy difference of 58 meV. For the 'far' configuration, the FM and AFM coupling between the Mn atoms are energetically degenerate even in the presence of Mg and O vacancies (table [1](#TB1){ref-type="table"}). Whereas in the 'near' configuration, the AFM coupling between the two Mn atoms is found to be energetically favored over the FM coupling. However, by introducing one Mg vacancy (Mn9 in figure [1](#F0001){ref-type="fig"}), the FM exchange interaction becomes energetically more favored, and with one O vacancy (black ball in figure [1](#F0001){ref-type="fig"}) the coupling becomes AFM.

###### 

The calculated total magnetic moment *μ*, band gap and the exchange coupling , which is the energy difference between FM and AFM couplings. and are the pristine and Mg-vacancy-containing MgO, respectively, whereas , , and correspond to MgO with no defects, with Mg vacancy and with O vacancy, respectively.

  Method                                                                                          
  -------- ----- ------ ----- ------ ------ ------- ------ ------ --------- ------ ------ ------- ------
           *μ*          *μ*          *μ*                   *μ*                     *μ*            
                 (eV)         (eV)          (meV)   (eV)          (meV)     (eV)          (meV)   (eV)
  DFT      0     3      1.6   2.8    9.26   88.92   0.0    7.51   −96.02    0.0    9.26   90.23   0.0
  DFT+U    ---   ---    ---   ---    9.49   15.61   1.1    7.72   −109.64   0.1    9.49   16.71   0.0
  hybrid   ---   ---    ---   ---    9.42   28.41   2.2    7.64   −81.15    2.0    9.42   45.99   2.0

Now, one needs to understand the unusual ferromagnetism in the hole-induced MgO slab when the two Mn atoms are doped on the slab surface and are at the closest possible distance apart. Here, we try to compare the electronic structures of the Mn-doped perfect MgO slab, and when one Mg vacancy is created in the slab while keeping both Mn atoms in FM configuration.

For the electronic structures, we have plotted the spin-polarized density of states (DOS) for the Mn-doped MgO slab and that for the slab with one Mg vacancy. From the DOS plots in figure [2](#F0002){ref-type="fig"}(a), one can see that following the substitution of Mg by Mn, some impurity bands are formed deeply in the band gap region. The conventional DFT-GGA level theory might not be able to describe the width and position of such impurity bands correctly due to the presence of artificial self-interaction in the GGA functional. The consequence is an unphysical delocalization of impurity states, which in turn can lead to an artificial long-range interaction in the lattice. From the partial density of states (PDOS) plots in figure [3](#F0003){ref-type="fig"}(a), those impurity states are found to be Mn-d states which are very difficult to describe accurately in crystal lattices and particularly in a wide-bandgap oxide such as MgO. To address such issues, we went beyond the framework of GGA and used standard alternatives like GGA+U and hybrid functional approaches. The GGA+U takes the orbital dependence of the Coulomb and exchange interactions into account and explicitly introduces the on-site Coulomb interaction. In contrast, for hybrid functionals, a percentage of exchange energy is obtained from the exact Hartree--Fock based calculations.

![Dark maroon shows the majority spin density, and dark blue gives the minority spin density. Panels a, b and c present the total spin-polarized density of states of Mn-doped MgO slab calculated with the DFT, DFT+U and hybrid functional methods. Panels a', b' and c' present the corresponding results for the Mn-doped MgO slab containing Mg vacancy.](TSTA11661179F02){#F0002}

![Solid black and red lines present the spin-polarized PDOS of the two Mn(d) ions. Color lines other than red and black show the *O*(*p*) PDOS in the vicinity of Mn ions. Panels a, b and c present the PDOS for the 'perfect' Mn-doped slab calculated with the DFT, DFT+U and hybrid functional approaches, whereas panels and a\*, b\* and c\* show the corresponding results for the Mn-doped MgO containing Mg vacancy.](TSTA11661179F03){#F0003}

The hybrid functionals and GGA+U used to remedy the unphysical self-interaction effect introduced by local-density approximations, leads to delocalization of electrons in the system and gives a better description for the excited-state properties, such as energy band gap, and also the ground-state properties such as magnetic moments and interatomic exchange parameters. However, the effect of these functionals depends upon the degree of unphysical delocalization obtained in the standard GGA calculation, which is very much system dependent. Thus, these self-interaction correction approaches are expected to predict similar results. Comparing the DOS plots calculated with GGA+U and hybrid functional (figure [2](#F0002){ref-type="fig"}(b) and (c)) with those calculated with GGA (figure [2](#F0002){ref-type="fig"}(a)), one can observe that both the impurity Mn(d) states are more localized with GGA+U and hybrid functional calculations otherwise, both the alternative approaches leads to similar magnetic properties.

Afterwards, by removing one Mg atom from the Mn-doped MgO slab, the hole states result in a p-type electronic structure. The O atoms coordinating the Mg vacancy become more reactive, which further increases the oxidative power of the crystal environment. As a consequence the Mn atoms get further oxidized, i.e. the electron transfer from Mn to oxygen sub-lattice takes place. However, this process is quite heterogeneous, and the two Mn atoms stabilize at difference between oxidation states. Such a different magnetic states depends on the geometrical distribution of Mn atoms and Mg vacancy.

Henceforth, a significant charge transfer happens from Mn d-bands to the crystal states, which we can see in figures [3](#F0003){ref-type="fig"}(a)--(c), where the Fermi energy is shifted to the top of the valence band and the Mn-d bands become empty lying in the conduction band region. The single Mg vacancy in the Mn-doped MgO system gives two different oxidation states for the two Mn atoms, which is also apparent from the PDOS plots for the two Mn atoms as shown in figures [3](#F0003){ref-type="fig"}(a\*)--(c\*). The Bader analysis further confirms the formation of a mixed oxidation state for the Mn ions in the hole-induced system. We have estimated the energy gap between the valence band and the conduction band with the impurity levels staying close the Fermi level for the perfect Mn-doped MgO slab and subsequently for the slab with p-type and n-type defects, which are summarized in table [1](#TB1){ref-type="table"}.

Quenching in magnetic moment {#s3.2}
----------------------------

In table [1](#TB1){ref-type="table"}, we show the net magnetic moment associated with the perfect Mn-doped MgO slab and that of the slab containing one Mg vacancy and one O vacancy, separately. One can see that the net magnetic moment of the slab decreases as the holes are created by crafting one Mg vacancy in the slab. The magnetization--density--distribution plot associated with the Mn and O atoms for the perfect slab and the slab with one Mg vacancy are shown in figures [4](#F0004){ref-type="fig"}(a)--(c) and (aʼ)--(cʼ), respectively. We see, for the slab with a Mg vacancy, the O atom positioned in-between the Mn atoms is strongly spin polarized (figures [4](#F0004){ref-type="fig"}(aʼ)--(cʼ) and has a net magnetic moment of 1.6. The magnetic moment of the Mn atoms in the hole-doped slab is ∼0.8 smaller when compared to that of the perfect slab. Compared to perfect slab, the Mn-O interatomic bond distance also gets reduced in the hole-doped slab.

![Panels a, b and c show the magnetization density of Mn and O atoms in 'perfect' Mn-doped MgO slab calculated with DFT, DFT+U and hybrid functional approaches. Panels a', b' and c' present that of the hole-doped slab calculated in similar fashion. The dark maroon color presents the positive magnetization density, and dark blue color around the O presents the negative magnetization density. Green: Mn, golden yellow: oxygen, cyan: Mg.](TSTA11661179F04){#F0004}

For the hole-doped slab, from the PDOS plot in figure [3](#F0003){ref-type="fig"}, the valence band region is found to be influenced by the O(p), and mixed Mn(d) ionic states with similar weight. As a consequence, in the hole-doped slab the Mn(d) electrons get strongly hybridized with the neighboring O(p) states. The corresponding PDOS plots calculated with DFT+U and hybrid functionals also produce similar results, as shown in figures [3](#F0003){ref-type="fig"}(b), (b\*) and (c), (c\*). The hybridization results delocalization of the valence electrons, which explains the quenching in Mn magnetic moment in the hole-doped slab (table [2](#TB2){ref-type="table"}). However, with an n-type defect (O-vacancy), we find neither quenching in Mn magnetic moment nor spin polarization of neighboring O atoms. A similar effect has also been reported in an O vacancy-containing Mn-doped MgO bulk structure \[[@C22]\].

###### 

The magnetic moment and charge associated with the individual Mn atoms in the unit of and *e*, respectively. The symbol Mn12 reflects that both the Mn atoms in the perfect slab have the same magnetic moment and charge distribution, whereas symbols Mn1 and Mn2 correspond to different Mn atoms in the Mg-vacancy containing slab.

  Approaches   perfect   hole                        
  ------------ --------- ------- ----- ------- ----- -------
                                                     
               (         \(e\)   ()    \(e\)   ()    \(e\)
  DFT          4.4       5.4     3.7   5.5     3.5   5.6
  DFT+U        4.6       5.4     4.0   5.4     3.9   5.5
  hybrid       4.5       5.4     3.9   5.4     3.7   5.5

Hole mediated double exchange interaction {#s3.3}
-----------------------------------------

In the Mn-doped MgO slab, when the Mn atoms are kept in their 'far' configuration, the calculated exchange energies predict degeneracy for FM and AFM states even in the presence of p-type and n-type defects. Being at far, there is a very little overlap between the exponential decaying Mn wave functions, which leads to a lack of preferential orientation for their spin moments. For Mn-doped ZnO thin films, in similar situation, a paramagnetic behavior has been reported by Cheng and Chiang *et al* \[[@C42]\] and also has been predicted by several other theoretical calculations \[[@C43], [@C44]\].

On the other hand, when the two Mn atoms are in their 'near' configuration the changes its sign depending upon the nature of the carrier within the system. In the defect-free slab, the exchange interaction between the two Mn states, which is mediated via the oxygen atom lying in-between, is of the *super-exchange* type, giving rise to an AFM state. However, having holes as the carriers, the two Mn ions get reformed into two different oxidation states. The two distinct, unequal peaks of the Mn-d density of states in figures [3](#F0003){ref-type="fig"}(a\*)--(c\*), compared to the degenerate Mn-d states in figures [3](#F0003){ref-type="fig"}(a)--(c) confirms mixed oxidation states for the Mn ions. The O atoms lying in the vicinity of Mn ions also get strongly spin polarized, as evident from the magnetization density plot in figures [4](#F0004){ref-type="fig"}(aʼ)--(cʼ).

The unequal charge distribution allows the hopping of 3d electrons from the partially occupied one Mn ionic states to the second Mn ion via the ion when both the Mn ions have parallel spin configuration. An interaction of this type is termed as a ferromagnetic (FM) double-exchange mechanism. By using mean-field approximations, for certain hole concentrations, a similar FM exchange interaction is also predicted in a Mn-doped DMS, which is mediated by the delocalized holes \[[@C47]\]. The *double-exchange* interaction that is qualitatively described in both the *d-p Zener* model and the *Anderson impurity* model was originally proposed to explain the ferromagnetism in transition metals \[[@C45], [@C46]\]. Later, the mechanism was successfully used to explain the room temperature ferromagnetism in Mn-doped in GaAs and ZnTe type of DMSs \[[@C29]\].

Further, by bringing the Mg vacancy closer to the Mn ions (replacing Mg9 vacancy by Mg1), we find that the strength of the FM exchange interaction decreases from to . Having the vacancy at Mg1 site (figure [1](#F0001){ref-type="fig"}), we find the two Mn ions are with equal change distribution and have equal magnetic moments, and the double-exchange mechanism is no longer valid to explain the small ferromagnetism in the Mn-doped MgO slab. The position of the vacancies, which play a role in interfering the valence states of the Mn atoms and also in Mn-O charge transfer, might affect the strength of exchange interaction, and thus needs further attention.

### Schematic model {#s3.3.1}

Based on the individual magnetic moment and charge distribution on Mn and O atoms, we have drawn a schematic model to visualize the *super-exchange* and the *double-exchange* types of interactions between the Mn ions in the perfect slab and the one having p-type defects. For the perfect slab, the two Mn ions have an equal magnetic moment of 4.38 and have equal charge distribution of 5.4 *e* on each (table [2](#TB2){ref-type="table"}). We draw a Mn oxidation state for both the Mn ions (figure [5](#F0005){ref-type="fig"}(a)), and we see a *super-exchange* type of interaction between both the Mn ions, which results in an AFM coupling (figure [5](#F0005){ref-type="fig"}(a)). For the hole-doped slab, we find the Mn atoms to have an unequal magnetic moment of 3.7 and 3.5 , respectively, and showing a charge distribution of 5.5 and 5.6 *e*, respectively (table [2](#TB2){ref-type="table"}). We draw two asymmetric oxidation states for both the Mn ions as shown in figure [5](#F0005){ref-type="fig"}(b). The O atom lying in between the Mn ions is spin polarized with a net spin-down density as evident from the magnetization density plot in figures [4](#F0004){ref-type="fig"}(aʼ)--(cʼ). We suggest a simultaneous electron hop from the first Mn-3d ionic state to the second Mn-3d ionic state via the spin-down states of O ensuing a *double-exchange* type of interaction between the Mn ions, resulting in FM states (figure [5](#F0005){ref-type="fig"}(b)). It is worthy to mention that, though the numbers estimated for the magnetic moment and charge are different for the Mn and O ions when calculated within DFT, GGA+U and hybrid functional approaches (table [2](#TB2){ref-type="table"}), the trend remains the same in all the three cases, which justifies our proposed model.

![A schematic picture showing (a) super exchange interaction favoring AFM coupling (b) and double exchange interaction favoring FM coupling between the Mn ions, which is mediated via the O ion lying in between. The blue dotted line shows the Mn-O interatomic distance in both cases. The green connecting curved line shows the simultaneous charge transfer between Mn and O atoms. Pink lobes around Mn atoms in both panel (a) and (b) and around O in panel b present the spin-polarized charge density, whereas the blue lobes around O in panel (a) present spin-unpolarized charge density. The blue and red arrows present the positive and negative spin densities, respectively.](TSTA11661179F05){#F0005}

Summary {#s4}
=======

By using density functional theory, we have studied the magnetic properties of a MgO surface while doped with two Mn atoms at the Mg sites. On the slab surface, the magnetic interaction between the two Mn atoms is short ranged and decays very fast with distance. The two Mn atoms energetically prefer to stay in a close-configuration with one O atom bridging their local interaction. In close configuration, the Mn atoms stabilize at a Mn ionic state, having a local magnetic moment of 4.3 on each. The AFM interaction between the Mn^3+^ ionic states is favored over the FM interaction. Further, crafting the slab with p-type defects, the two Mn atoms resulted in mixed oxidation states, while the O atom bridging in between gets strongly spin polarized. The simultaneous charge transfer between the Mn mixed ionic states via the O ion results in a ferromagnetic coupling between the Mn ions which can be explained by the *double-exchange* type of magnetic interaction. On the other hand, crafting the slab with n-type defects results in an AFM state similar to the perfect slab. To get a complete insight to the electronic structures of such complex systems, we attempt to overcome the self-interaction errors of the conventional GGA approach by using GGA+U and hybrid functional calculations. Both GGA+U and hybrid functional calculations follow a similar trend with the GGA results for the electronic structure and magnetic properties of the Mn-doped MgO slab, which supports for the accuracy of our results.
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